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Monolayer WTe2, a centrosymmetric transition metal dichacogenide, has recently been established
as a quantum spin Hall insulator and found superconducting upon gating. Here we show that
generally a superconducting inversion-symmetric quantum spin Hall material whose normal state
is “effectively gapped”, such as gated monolayer WTe2, can be an inversion-protected topological
crystalline superconductor featuring possible “higher-order topology” if the superconductivity is
parity-odd. Instead of edge states, we explicitly show how zero-dimensional boundary modes can
emerge in such type of superconductor within a two-dimensional minimal model. We then study
the pairing symmetry of superconducting WTe2 with a microscopic model at mean-field level, and
find two types of exotic pairings. First is a time-reversal symmetric odd-parity pairing favored by
nearest-neighbor attractions. We numerically show that this self-consistently obtained paired state
possesses a nontrivial bulk symmetry indicator, and hosts two Majorana Kramers pairs localizing
at opposite corners. Even when on-site attractions dominate and favor the conventional pairing, we
find that an intermediate in-plane field exceeding the Pauli limit stabilizes an unconventional equal-
spin pairing aligning with the field. Our findings suggest gated monolayer WTe2 is a playground
for exotic odd-parity superconductivity, and possibly the first material realization for inversion-
protected Majorana corner modes without utilizing proximity effect.
I. INTRODUCTION
Extensive experimental and theoretical effort has been
devoted to transition metal dichalcogenides (TMD), a
family of materials with chemical formula MX2 (M
= transition metal, X = S, Se, Te) known to host
a rich variety of intriguing ground states, such as
topological insulators and semimetals1–6, charge den-
sity waves7–13, and various types of possibly unconven-
tional superconductivity13–21. Moreover, tuning among
these phases is possible by widely accessible exper-
imental knobs, for example changing the thickness,
pressure10,22–25, electrostatic gating13,16,26, and recently
even the twist angle between monolayers27,28. Recently,
a centrosymmetric member of the TMD family, mono-
layer WTe2, has been established
1–4,29,30 as a quan-
tum spin Hall (QSH) insulator31,32. Remarkably, in
this same material, superconductivity at temperatures
around 1K was soon after reported under tunable electro-
static gating20,21. We are thus motivated to understand
the nature of this superconductivity given the prevailing
expectation that inducing superconductivity in already
topological materials is a promising route for achieving
topological superconductors.
Theoretically a known necessary condition for two-
dimensional (2D) time-reversal-invariant topological su-
perconductors requires negative pairing order parameters
on an odd number of Fermi surfaces that enclose the
high symmetry points33,34. The presence of the inver-
sion symmetry, however, enforces two-fold degeneracy of
the Fermi surfaces and thus sets up a “no-go” theorem
to preclude this material from being topologically super-
conducting. Nonetheless, recent developments suggest
that inversion symmetry can unexpectedly enrich the
topological structure of a system35–37, and enable new
topological crystalline superconductors (TCsc) that are
completely beyond the paradigm set by Ref. 33 and 34.
In particular, there exists a type of inversion-protected
TCsc in dimension d that has no protected Majorana
boundary modes in d − 1 dimension, yet is still topo-
logically distinct from a trivial superconductor36,37. Al-
though the bulk-boundary correspondence has not been
proven, this suggests the possibility that such inversion-
protected TCsc belongs to the so-called “higher order
topological phases”38–48, and may host Majorana bound-
ary modes in d− 2 or lower dimension.
Here, we point out that the recipe for this exotic
inversion-protected TCsc is surprisingly simple: (1) the
normal state is an inversion-symmetric QSH material
with Fermi pockets away from time-reversal invariant
momenta (TRIMs), and (2) the superconductivity is
parity-odd. Furthermore, we explicitly demonstrate how
“higher-order” boundary modes can naturally emerge
within a minimal model we build for such a TCsc in 2D.
Given that gated monolayer WTe2 readily satisfies crite-
ria (1), unconventional superconductivity with odd par-
ity becomes the last piece of the puzzle for an inversion-
protected TCsc that could host exotic Majorana corner
modes.
In fact, in WTe2 there is ample reason to suspect that
electron correlations might be strong, and odd-parity su-
perconductivity is therefore plausible. First is the fact
that the superconductivity reported in Refs. 20 and 21
apparently occurs at a low carrier density, while ab ini-
tio calculations do not reproduce the low-energy nor-
mal state band structure found by angle-resolved pho-
toemission (ARPES) and scanning tunnelling microscopy
(STM) studies unless one goes beyond the generalized-
gradient approximation1,2,49. Moreover, the reported in-
plane upper critical field H
‖
c2 is few times higher than
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2the Pauli limit Hp
20? ,21. While an H
‖
c2 higher than
the Bardeen-Cooper-Schrieffer theory prediction in cen-
trosymmetric materials can occur when the normal state
has a high spin-orbit scattering rate50 or when the g
factor deviates from two21, another plausible origin is a
spin-triplet (and thus odd-parity) paired state with spin
aligning in the field direction.
In this work, we investigate the pairing symme-
try and topological nature of the newly discovered
two-dimensional superconductivity in gated monolayer
WTe2, and propose this material to be a candidate for
an inversion-protected higher-order topological supercon-
ductor. In section II, we investigate the the pairing
symmetry in this material at mean-field level to obtain
a phase diagram for various microscopic interactions.
In section III, we first present a general recipe for an
inversion-protected topological crystalline superconduc-
tor, and analytically show how higher-order boundary
modes can emerge in such superconductor within a mini-
mal model construction. We then numerically show that
a self-consistently obtained odd-parity paired state in
monolayer WTe2, which fulfills our recipe, indeed car-
ries the expected Z4 bulk indicator for such topological
superconductor and hosts Majorana corner modes in a
sample with open boundaries. In section IV, we study
how symmetries of different paired states in the phase di-
agram change with an increasing in-plane magnetic field.
Surprisingly, we find that while an intermediate field ex-
ceeding Hp destroys even-parity pairings as expected, it
stabilies an equal-spin pairing aligning with the field. Fi-
nally in section V, we discuss about the robustness and
possible experimental detections for the Majorana cor-
ner modes in WTe2, and also the difference between our
minimal model for higher-order superconductor and the
microscopic model for WTe2. To our knowledge, our ma-
terial candidate provides the first realistic proposal of an
inversion-symmetry-protected topological state in two di-
mension.
II. PAIRING SYMMETRY IN MONOLAYER
WTE2
A. The model
Monolayer WTe2 is stable in the 1T
′ structure, which is
a buckled honeycomb lattice that is distorted into a rect-
angular lattice consisting of in-plane and buckled zigzag
chains of W and Te atoms, respectively, see Fig. 1(a).
This lattice is nonsymmorphic, with a two-fold screw ro-
tation symmetry C2x and a glide mirror symmetry Mx
51
each with a half-unit-cell translation along the chain di-
rection xˆ. The lattice also has inversion symmetry I0,
which results from the product of the two symmetries.
To study the dominant pairing channels in gated mono-
layer WTe2, we start from a minimal tight-binding model
previously obtained by other authors from a low-energy
fit to ab initio band structure calculations52,53. The
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FIG. 1. Schematics for (a) the top view of the lattice of
1T ′-WTe2, and (b) the microscopic interactions considered in
Eq. 3. In (a), the filled orange circles represent the W atoms,
which locate on the z = 0 plane. The filled and hollow blue
circles (grey triangles) represent the Te atoms above and be-
low the z = 0 plane, which are (are not) associated with the
Wannier orbital centers in the low-energy tight-binding de-
scription. The grey rectangle indicates a unit cell with lattice
constants ax (ay) in the xˆ (yˆ) direction, the horizontal and
vertical black lines show the screw rotation axis and the glide
mirror plane respectively, and the black cross marks the in-
version center. In (b), we omit the Te atoms (grey triangles)
that do not contribute to the Wannier orbitals.
Hamiltonian is written in a basis of spin s and four Wan-
nier orbitals described by a sublattice σ = A,B and
whether they transform as dx2−y2 or px orbitals (l = d, p),
deriving from W and Te atoms respectively. Each degree
of freedom is described by the corresponding Pauli ma-
trices, sˆ, σˆ, and lˆ, respectively.
The full normal state Hamiltonian is
H0(k) = sˆ0 ⊗
(
hˆ0(k)− µ
)
+ Vsocsˆzσˆz lˆy. (1)
The sz-preserving intrinsic spin-orbit coupling Vsoc is the
lowest order term in k that obeys time-reversal, screw
rotation, and glide mirror symmetries, while the spin-
degenerate part hˆ0(k) is a 4 × 4 matrix in the basis of
σˆ ⊗ lˆ,
h0(k) =

εd(k) 0 t
AB
d gk t
AB
0 fk
0 εp(k) −tAB0 fk tABp gk
tABd g
∗
k −tAB0 f∗k εd(k) 0
tAB0 f
∗
k t
AB
p g
∗
k 0 εp(k)
 (2)
The momentum dependence is contained in the functions
εl(k) = µl+2tl cos(kx)+2t
′
l cos(2kx), fk = 1−e−ikx , gk =
(1 + e−ikx)eiky . Finally, we continue to follow Ref. 53
in fixing the tight-binding parameters (in eV units) as:
µd = 0.4935, µp = −1.3265, td = −0.28, t′d = 0.075, tp =
0.93, t′p = 0.075, t
AB
0 = 1.02, t
AB
d = 0.52, t
AB
p =
0.40, Vsoc = 0.115.
As a zeroth-order approximation to the gating effects,
we set the overall chemical potential µ = 0.5. The re-
sulting Fermi surface consists of two electron pockets
3ηC2x ηMx Examples
Ag + + sˆ0 ⊗ σˆ0 ⊗ lˆ0
Bg - - sˆ0 ⊗ σˆz ⊗ lˆx
Au + - kxsˆx ⊗ σˆ0 ⊗ lˆz
Bu - + kxsˆz ⊗ σˆ0 ⊗ lˆz
TABLE I. The parities of the irreducible representations un-
der the 1T ′ lattice symmetry operations. The action of the
symmetries on crystal momentum and internal indices and
the used Nambu basis are shown in the text.
centered along the Γ − X line [see Fig. 2 (a)], as ob-
served by ARPES2. We note that the spectrum of H0 is
at least two-fold degenerate for all k since H0 preserves
time-reversal and inversion symmetries.
We add short-ranged density-density interactions that
preserve the lattice symmetries up to nearest-neighbor
unit cells [see Fig. 1(b)]:
Hint =
∑
rr′
∑
αβα′β′
Γα′β′,βα(r, r
′)c†rα′c
†
r′β′cr′βcrα
=
∑
r
U ln↑σl(r)n↓σl(r)
+V ll1 [nBl(r + δl) + nBl(r + xˆ + δl)]nAl(r)
+V dp1 [nBl¯(r) + nBl¯(r + xˆ)]nAl(r)
+V ll2 nσl(r)nσl(r + xˆ)
+V dp2 [nAp(r) + nAp(r + yˆ)]nAd(r)
+V dp2 [nBd(r) + nBd(r + yˆ)]nBp(r), (3)
where σ and l indices are summed over, nsσl(r) is the
electron density with spin s and orbital l locating at sub-
lattice σ in the unit cell centered at r, and nσl(r) =∑
s nsσl(r). Here U
l denotes the on-site interactions
for orbital l, and V ll˜1 (V
ll˜
2 ) denotes the nearest-neighbor
(next nearest-neighbor) interactions on the zigzag chains
with intra- or inter-orbital characters for l˜ = l and l˜ = l¯,
respectively. For simplicity, in the following we consider
the case where U l = U , and V ll˜1 = V
ll˜
2 = V .
B. Symmetry analysis and method
To analyze the dominant pairing channel for given in-
teractions U and V , we first classify the symmetries of
possible pairing gaps. The normal state preserves two
nonsymmorphic symmetries C2x = e
ikxax/2(−isˆx ⊗ σˆx ⊗
lˆ0), ky → −ky, and Mx = eikxax/2(−isˆx ⊗ σˆ0 ⊗ lˆz),
kx → kx. The mean-field Bogoliubov-de Gennes Hamil-
tonian
HBdGk =
(
H0(k) ∆(k)
∆†(k) −T †H†0(k)T
)
(4)
therefore obeys gBdGk H
BdG
k (g
BdG
k )
† = HBdGgk , where T =
isyK, k → −k is the time-reversal operation with K
the complex conjugation, and gBdGk = diag [gk, ηggk] de-
scribes how the two symmetries g = C2x,Mx act on the
Nambu basis [ck↑, ck↓, c
†
k↓,−c†k↑]. Thus, the pairing gaps
transform as gk∆kg
†
k = ηg∆k, and we can classify all
possible pairing gaps into four irreducible representations
Ag, Bg, Au, and Bu according to their parities ηg = ±1
under the symmetry transformations g, see Table I.
Next, we determine which irreducible representa-
tion has the highest Tc by solving the linearized gap
equation54
∆α′β′(k
′) = −
∑
k′′k
Γα′β′,β′′α′′(k
′,k′′)×
χβ′′α′′,αβ(k
′′,k, T )∆αβ(k), (5)
where Greek indices contain all the internal indices
(s, σ, l), and repeated indices are summed over. Here,
the interaction Γα′β′,βα(k
′,k) is the Fourier transform of
Γα′β′,βα(r, r
′) in Eq. (3), and χβ′′α′′,αβ(k′′,k, T ) is the
non-interacting static pairing susceptibility at tempera-
ture T . Solving Eq. (5) amounts to solving the eigen-
value problem of the effective interaction projected onto
the Fermi surface
Γ˜(p′,p) = −
√
Pp′Γ(p
′,p)
√
Pp (6)
where p(′) is the incoming (outgoing) momentum on
the Fermi surface, and Pp = (
∑
n=1,2 |p, n〉〈p, n|) ⊗
(
∑
n=1,2 | − p, n〉〈−p, n|) projects an electron-pair state
to the two degenerate non-interacting bands n on the
Fermi surface at momenta p and −p. The eigenvector
ψ(p) of V˜ with the most negative eigenvalue λ is the
solution to the gap equation Eq. (4) with the highest
Tc ∝ exp(−1/|λ|). We can then determine how ψ(p)
behaves under symmetries C2x and Mx under different
interactions and obtain the superconducting phase dia-
gram of H = H0 +Hint.
C. Phase diagram
In Fig. 2(b) we present this phase diagram as a func-
tion of U and V . We find that while the on-site attraction
favors the “trivial” representation Ag with even parity
under inversion as expected, the odd-parity representa-
tions Au and B
(′)
u dominate over a large portion of the
phase diagram where the attractive V is the dominant
pairing interaction. In particular, the degenerate Au and
B′u gaps at repulsive U are equal-spin triplet in the out-
of-plane (| ↑↑ ∓ ↓↓〉), and the Bu gap at attractive U has
sz = 0 (| ↑↓ + ↓↑〉). This SU(2) symmetry breaking is
due to the intrinsic spin-orbit coupling Vsoc.
To better understand the real-space structure of the
pairing gap deep in each superconducting phase, we write
down the mean-field Hamiltonian in Eq. (4) in real space
and solve the self-consistency equations ∆α′β′(r, r
′) =
−∑αβ Γα′β′,βα(r, r′)〈cr′βcrα〉 by iteration. We consider
the short-ranged attractions given in Eq. (3). We find the
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FIG. 2. (a) The Fermi surface of H0 with chemical potential
µ = 0.5, which consists of two pockets located at k = (±kF , 0)
with kF ∼ 1.2. (b) Phase diagram obtained from solving
the linearized gap equation. The two blue stars mark the
representative points at which we study the field dependence
in Fig. 5. The real space configurations of the dominant
components in the self-consistent solutions with (c) Ag and
(d) Bu symmetries. ∆i ≡ |∆α′β′(r, r′)| for the bond with the
ith largest gap magnitude. ∆1/2 in (c) denotes the magnitude
for on-site gaps. The calculation for (c) and (d) is done on a
system with 12 by 12 unit cells.
dominant component in the Ag gap to be the on-site pair-
ings as expected, while the subdominant component is
the spin-singlet nearest-neighbor pairing along the zigzag
chains involving the d orbitals, see Fig. 2(c). In con-
trast, the dominant contribution to the spin-triplet gap
Bu comes from the next-nearest-neighbor d-orbital pair-
ing along the chains in the xˆ direction, whereas the sub-
dominant component is the staggered nearest-neighbor
mixed-orbital pairing in the yˆ direction, see Fig. 2(d).
Given the understanding about the real space con-
figurations, we now attempt to understand the phase
diagram in Fig. 2(a) within a simplified “two-patch”
scheme, where we ignore the intra-pocket momentum-
dependence and consider effectively two points located
at k = (±kF , 0) instead of two pockets. Such simplifi-
cation works well in small-pocket limit, and is similar in
spirit to the Eliashberg formalism, where the momentum-
dependence is assumed to be uniform within a pocket.
Here we consider only the interactions responsible for the
most dominant components in the self-consistency solu-
tions with Ag and Bu symmetries [see the bonds with ∆1
in Fig. 2(b) and (c)], i.e. Ud and V dd2 terms in Eq. (3).
Such interaction has a simple momentum dependence of
V(q) = U + V cos(qx), where we set Ud = U , V dd2 = V ,
and q the momentum transfer. Thus the interaction ma-
trix Γ in Eq. (5) can be simplified into a 2 × 2 matrix
in the basis of incoming and outgoing momenta running
over k(
′) = (±kF , 0):
Γ =
(
V(0) V(2kF )
V(−2kF ) V(0)
)
. (7)
The two eigenvalues V(0)±V(2kF )2 correspond to the parity-
even and odd eigenvectors (1, 1) and (1,−1) respectively,
and the eigenvector with the more negative eigenvalue
corresponds to the dominant pairing gap. Evidently, re-
pulsive V forbids the parity-odd Au/Bu whereas repul-
sive U forbids the parity-even Ag, given that cos(2kF ) <
0. This is true for a wide range of kF values, includ-
ing that from the model in Eq. (1). As for the cases
where U and V are both attractive, the balance between
Ag and Bu is tilted by the sign of the interaction with
large momentum transfer V(2kF ). To be precise, when
the 2kF component contributed by V dominates over the
momentum-independent U (V(2kF ) = U +V cos(2kF ) >
0), the odd-parity Bu is favored over the even-parity Ag.
III. INVERSION-PROTECTED
HIGHER-ORDER TOPOLOGICAL
SUPERCONDUCTIVITY
In this section, we will show that this energetically fa-
vored odd-parity Bu pairing, together with the normal-
state WTe2 being an inversion-symmetric QSH material,
fulfill the recipe for building an inversion-protected TCsc
with possible higher-order boundary modes. In subsec-
tion A, we will show how we arrive at the recipe for
inversion-protected TCsc. Then in subsection B, to un-
derstand the link between such TCsc and higher-order
topology, we will show analytically how zero-dimensional
Majorana boundary modes emerge within an effective
model for inversion-protected TCsc. Finally in subsec-
tion C, we will come back to the superconducting WTe2
with Bu pairing. Specifically, we will show that it is in-
deed such type of TCsc by calculating the corresponding
symmetry indicator, and that it hosts two Majorana cor-
ner modes on opposite corners.
A. Recipe for a 2D inversion-protected TCsc
We conjecture a 2D inversion-protected TCsc in the
presence of time-reversal symmetry by a Z4 symmetry
indicator
κ =
1
4
∑
k∈TRIM
∑
n
ξkn mod 4 (8)
inspired by indicators proposed for 3D systems35,37,
where ξk,n are the parity eigenvalues of the occupied
bands at the TRIMs k55. Application of this formula
to superconductors requires extending the ”normal” in-
version operator I0 to Nambu space. For odd-parity
superconductors, which are defined by superconducting
5pairing that satisfies I0∆kI
−1
0 = −∆−k, the operator
I = diag(I0,−I0) defines the inversion symmetry for the
BdG Hamiltonian. As for even-parity superconductors,
the inversion operator for the BdG Hamiltonian has no
minus sign, and the resulting κ is always 037.
For superconductors in the weak-coupling limit, the
symmetry indicator κ is related to the corresponding in-
dicator κN for the normal states as
37
κ = 2κN . (9)
In turn, the normal state symmetry indicator κN for in-
version symmetry can be related to the normal state Z2
index νN for time-reversal symmetry by
νN = κN mod 2 (10)
for insulators35, or for effectively gapped “topological
metals” [see Supplementary Information A]. In this con-
text, we define an effectively gapped “topological metal”
to be a metal that is gapped at TRIMs allowing the def-
inition of the indicator κN , and has the same number
of filled bands at all TRIMs. This is expected to be
the generic situation from doping or gating of a topo-
logical insulator as long as the Fermi surface does not
circle a TRIM. Typically, such a doping would interfere
with topological properties of the material such as trans-
port. However, this can be avoided by introducing a
gap at the Fermi surface through weak superconductiv-
ity, which cannot change the topological index defined
at the TRIMs where the states are away from the Fermi
energy.
Here we point out that these two relations in Eq.
9 and 10 among the topological invariants of the su-
perconducting and normal states can be used to de-
sign inversion-protected TCsc. In particular, doping an
inversion-symmetric quantum spin Hall insulator, assum-
ing all band minima are away from TRIMs, will give rise
to a topological metal with νN = 1 and κN = 1 or 3.
When further gapped by weak odd-parity superconduc-
tivity, such a topological metal will become an inversion-
protected TCsc with κ = 2, and hence our recipe.
Such a κ = 2 inversion-protected TCsc is particularly
interesting. This is because while the κ = 2 state is topo-
logically distinct from the κ = 0 state, both of these κ’s
are even and therefore correspond to vanishing Z2 index
ν and the absence of Majorana edge modes. Nonetheless,
the fact that κ 6= 0 suggests the possibility of some other
type of protected boundary Majorana modes, and hence
the possibility of higher order topological superconduc-
tors.
B. Bulk-boundary correspondence
Whether a κ = 2 inversion-protected TCsc in 2D
is bound be a higher order topological superconductor,
however, has not been rigorously proven to the best of
our knowledge. Thus to gain more understanding about
this bulk-boundary correspondence, in this subsection we
will first present a minimal model for a κ = 2 TCsc in
2D, which can be tuned across phase boundaries to κ = 3
and 4 (trivial) phases. Then within this model, we will
show analytically how zero-dimensional Majorana modes
arise on the boundary of the κ = 2 phase when placed
against the trivial phase.
1. Minimal model for an inversion-protected TCsc
Our eight-band minimal model H = ∑kH(k)
H(k) = 0τˆz ⊗ sˆ0 ⊗ ρˆ0
+ [m0 +m1(cos kx + cos ky)]τˆz ⊗ sˆ0 ⊗ ρˆz
+ v sin kxτˆ0 ⊗ sˆz ⊗ ρˆx + v sin ky τˆz ⊗ sˆ0 ⊗ ρˆy
+ ∆ sin kxτˆx ⊗ sˆz ⊗ ρˆ0 + ∆ sin ky τˆy ⊗ sˆ0 ⊗ ρˆz
(11)
consists of a regularized Bernevig-Hughes-Zhang (BHZ)
like model for a QSH state with odd-parity pairing. Here
τˆ , sˆ, and ρˆ are Pauli matrices for particle and hole, spin
s =↑, ↓, and orbital ρ = s, p−. This model H is invari-
ant under time reversal operation Θ = isyK, k → −k,
particle-hole transformation P = τˆxK, k→ −k, and the
inversion operation defined for odd-parity superconduc-
tors I = τˆz ⊗ ρˆz, k→ −k.
This minimal model exhibits two bulk topological tran-
sitions in the parameter space of 0, m0, and m1: one is
from the inversion symmetry indicator κ = 2 to κ = 3,
and the other from κ = 3 to κ = 4. In particular, we can
tune through different phases by tuning m1 at a fixed m0
and 0 ≥ 0 as follows
κ = 4(0) : − (m0 − 0) < 2m1 < m0 − 0
κ = 3 : − (m0 + 0) < 2m1 < −(m0 − 0)
κ = 2 : 2m1 < −(m0 + 0), (12)
where all band inversions occur at Γ. Taking the topo-
logically trivial κ = 4 phase as the reference point, the
spectrum first undergoes a single band inversion to enter
the κ = 3 phase, then follows another band inversion to
enter the κ = 2 phase.
2. Edge modes in a three-domain geometry
To understand what kind of boundary modes a κ = 2
phase can host when placed against a trivial phase, we
first study the edge modes in a geometry of concentric
rings with three domains along the radial direction r: κ =
2 phase for r < Ra, κ = 3 phase for Ra < r < Rb, and
κ = 4 phase for r > Rb [see Fig. 3 (a)]. Since κ is defined
modulo 4, the phase κ = 4 ≡ 0 on the outside is the
trivial phase. Given that all band inversions in H happen
at Γ, it is more convenient to realize this geometry by
working with the k · p model HΓ(k) around Γ written
in the polar coordinate (r, θ). We focus on the v  ∆
6κ = 2
κ = 3
κ = 4
ψ↓34
ψ↑34
ψ↓23
ψ↑23
Ra Rb r
κ = 2
κ = 4
(a) (b)
FIG. 3. Schematics for the Majorana boundary modes of the
minimal model on (a) a three-domain geometry containing
phases with κ = 2, 3, and 4 (trivial), and (b) an open ge-
ometry for the κ = 2 phase. In (a), the κ = 2, 3, and 4
phases live in the inner, middle, and outer domains separated
by domain walls at r = Ra (red circle) and Rb (blue circle).
The red and blue arrows represent the helical edge modes ψs23
and ψs
′
34 of the κ = 3 phase on the domain walls against the
κ = 2 and 4 phases, respectively. The geometry in (b) can
be obtained from (a) by shrinking the κ = 3 domain to zero.
The purple circle represents the resulting boundary between
the κ = 2 and 4 phases, and the two purple stars represent
the zero-dimensional Majorana modes that localize on this
new boundary. These ‘higher-order’ Majorana modes can be
viewed as the ‘leftover’ edge modes in (a) that survive the
symmetry-allowed perturbations.
limit to avoid the possible existence of edge modes, in
which case the existence of the submerged corner modes
becomes ambiguous. Together with the fact that s =↑, ↓
is a good quantum number, we arrive at the Hamiltonian
for each spin species in the τˆ ⊗ ρˆ basis
H↑/↓Γ (r, θ)
=

m+(r) 0 ±∆e∓iθkr 0
0 m−(r) 0 ±∆e±iθkr
±∆e±iθkr 0 −m+(r) 0
0 ±∆e∓iθkr 0 −m−(r)
 ,
(13)
where kr = −i∂r and m±(r) ≡ 0(r)± (m0(r) + 2m1(r)).
Here we have set 1/r → 0 since we focus on the asymp-
totic form of the edge modes (i.e. consider |r−Ra,b|  0).
The three-domain geometry can then be realized by set-
ting
m+(r) < 0, m−(r) > 0 for r < Ra
m+(r) > 0, m−(r) > 0 for Ra < r < Rb
m+(r) > 0, m−(r) < 0 for r > Rb. (14)
Since the κ = 3 superconducting phase in the middle
domain has a nontrivial Z2 index ν = 1, we expect to
find zero-energy eigenstates ψs23(r, θ) and ψ
s′
34(r, θ) local-
izing along the domain walls at r = Ra and r = Rb,
respectively. By taking m+(r) =sgn(r − Ra), m−(r) =
−sgn(r−Rb), and ∆ > 0 for simplicity, we find one pair of
helical edge modes per domain wall [see Supplementary
Information B]:
ψ
↑/↓
23 (r, θ) = e
− 1∆ |r−Ra|eilθ

e∓i
θ
2
0
±ie±i θ2
0
 , (15)
and
ψ
↑/↓
34 (r, θ) = e
− 1∆ |r−Rb|eilθ

0
e±i
θ
2
0
∓ie∓i θ2
 , (16)
where l is the orbital angular momentum taking half in-
tegers. Given that ψs23/34(r, θ) obeys Majorana condition
up to an overall phase and that the spin-up modes ψ↑23/34
and spin-down modes ψ↓23/34 propagate along the domain
walls in opposite directions [see Supplementary Informa-
tion C], we have arrived at one pair of helical Majorana
edge modes per domain wall [see Fig. 3 (a)].
3. Majorana corner modes in a κ = 2 phase
We are now ready to study the boundary modes be-
tween a κ = 2 and a κ = 4 phase. In the following we will
shrink the κ = 3 domain by bringing Ra → Rb, and see
if there exists any symmetry-allowed perturbation that
gaps out the edge modes ψs23 and ψ
s′
34 at the two domain
walls.
We first write down the rotational invariant perturba-
tions H′rot(r, θ) up to linear oder, and project them onto
the edge modes from the two domain walls [see Supple-
mentary Information D]. We find thatH′rot(r, θ) only cou-
ples edge modes propagating in the same direction, i.e.
ψs23 and ψ
s
34. The two pairs of helical edge modes there-
fore remain gapless in the presence of rotational invariant
perturbations.
Next we consider the rotational-breaking perturba-
tions. Here we focus on the lowest order terms H′,
which have no spatial dependence. After projecting
all the symmetry-allowed terms onto the edge modes
ψ23(r, θ) and ψ34(r, θ), we find that there are only two
non-vanishing terms that are hermitian and couple com-
ponents in the edge modes that are counter-propagating
H′a = τˆx ⊗ sˆx ⊗ ρˆy
H′b = τˆy ⊗ sˆy ⊗ ρˆx. (17)
Both of these terms are pairing terms that are odd un-
der inversion, i.e. [H′, I ] = 0, where I is the inversion
operator for odd-parity superconductors defined earlier.
Moreover, their corresponding amplitudes after projec-
tion H˜′a,b(θ) =
∫
drψ†23(r, θ)H′a,bψ34(r, θ) have an angu-
lar dependence of H˜′a(θ) ∝ i sin θ and H˜′b(θ) ∝ i cos θ,
7FIG. 4. BdG spectrum for metallic WTe2 with Bu pairing
symmetry at U = −0.2, V = −0.4 on a finite lattice of L×L
unit cells. (a) The gapped spectrum with a near-zero energy
Kramers doublet of Majoranas at L = 84. (b) The scaling
of the corresponding eigenvalues with increasing L. The bot-
tom panels show the probability distribution of (c) the low-
est eigenstate |ψ0|2, sharply localized to the upper-left and
bottom-right corners, and (d) the lowest supragap state |ψ2|2
which extends over the bulk.
respectively. The full Hamiltonian of the edge modes
therefore has the form
H˜′edge(θ) =
2l
Rb
λˆ0sˆz + (α cos θ + β sin θ)λˆy sˆx, (18)
where α and β are real numbers, and λˆ, sˆ are Pauli ma-
trices for edge modes ψs23, ψ
s
34, and spin s =↑, ↓, respec-
tively. Since the back-scattering term α cos θ + β sin θ
has opposite signs at any θ and θ + pi, it is bound to
vanish at θ0 = tan
−1(βα ) +
pi
2 and θ0 + pi. This means
that even at the lowest order, rotational breaking per-
turbations will gap the edge modes ψ23 and ψ34 in an
odd-parity way, and a κ = 2 TCsc will host at least two
‘leftover’ zero-dimensional zero-energy Kramer’s pairs lo-
cated at θ0 and θ0 + pi in an open geometry [see Fig. 3
(b)]. The specific value of θ0 is given by the microscop-
ics, and these two zero-dimensional Majorana Kramers
pairs are often trapped at the opposite corners of the con-
sidered geometry. Importantly, the two Majorana pairs
can annihilate each other only when inversion symme-
try is broken. Thus within our minimal model for an
inversion-protected TCsc with κ = 2, we have shown
how zero-dimensional Majorana Kramers pairs emerge on
the boundaries, and hence an inversion-protected higher-
order topological superconductor.
C. Higher-order topological superconductivity in
WTe2
We now turn back to superconductivity in monolayer
WTe2. It is now clear that the superconducting WTe2
n 1 2 3 4 5 6 7 8
Γ - - + + - - + +
X - - + + - - + +
Y + + + + + + + +
M - - + + - - + +
TABLE II. The inversion eigenvalues pk˜,n of all the occu-
pied BdG bands n = 1, · · · , 8, ordered with increasing en-
ergy, at each of the time-reversal invariant momentum k˜ =
(0, 0), (pi, 0), (0, pi) and (pi, pi). The indicator κ for inversion-
protected topological superconductors is given by the sum of
these eigenvalues divided by 4.
with Bu pairing satisfies the recipe for an inversion-
protected TCsc with κ = 2. To be specific, the ungated
WTe2 as a QSH insulator is known to have the Z2 index
for a time-reversal topological insulator νN = 1. Given
the presence of inversion, we study the corresponding
Z4 indicator characterizing an inversion-protected topo-
logical crystalline insulator and find it to be κN = 1
due to the single band inversion in the Brillouin zone.
When lightly gated, we emphasize that WTe2 becomes
an ’effectively gapped topological metal’ since the two
Fermi pockets are away from TRIMs. κN is thus still
well-defined and remains 1 for the lightly gated WTe2
since the spectrum remains gapped and unchanged at
all TRIMs. This topologically non-trivial normal state
thus dictates the superconducting state to have κ = 2
(see Eq. 9), which we verified by explicitly calculating
Eq. 8 for HBdGk given in Eq. 4 and 1 with ∆ being the
self-consistently obtained Bu pairing [see Table II].
Next, we will show that WTe2 as a TCsc with κ = 2
indeed hosts higher-order Majorana boundary modes.
In Fig. 4 we numerically demonstrate the existence of
these localized corner states in our model of WTe2 lightly
gated into the conduction band with self-consistently ob-
tained Bu pairing
56. Since we are interested only in
the spectrum near zero, here we can partially diagonal-
ize HBdG using Lanczos techniques on extremely large
lattices with open boundary conditions along xˆ and yˆ
directions. We find that with an increasing lateral di-
mension L, the corner-localized bound states tend ex-
ponentially toward zero energy with an increasing gap
to the lowest-lying bulk quasiparticle excitations, which
unambiguously demonstrate the existence of Majorana
Kramers pairs localized at two opposite corners. We
have thus shown that the superconducting WTe2 with
Bu pairing is an inversion-protected higher-order topo-
logical superconductor.
IV. IN-PLANE FIELD INDUCED EQUAL-SPIN
PAIRING
In this section, we study how superconducting states
of different symmetries evolve under an in-plane mag-
netic field. Specifically, we solve the gap equations
80 1 2 3 4 5
Hx /HPauli
0 1 2 3 4 5
Hx/HPauli
0
0.005
0.01
0.015
0 ss
'
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Δ0ss′  
0.01
.
.
0 1 2 3 4 5 6
Hx/HPauli
0
0.005
0.01
0.015
0 ss
'
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0
0.005
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FIG. 5. The pairing symmetries and the order parameter
magnitudes of the dominant equal-spin (∆0ss) and opposite-
spin (∆0ss¯) components in the self-consistent solutions as a
function of an in-plane field hx. We consider two represen-
tative points [see blue stars in Fig. 2(b)] with on-site in-
teractions being (a) U = −0.2 and (b) U = −1 at a fixed
nearest-neighbor interaction V = −0.4. The blue and yellow
background colors represent the pairing symmetries Ag and
B
(′′)
u respectively. For the Ag pairs, the opposite-spin compo-
nent results from spin-singlet paired states. As for the B
(′′)
u
pairs, the opposite- and equal-spin components result from
spin-triplet states | ↑↓ + ↓↑〉 and | ↑↑ + ↓↓〉 respectively.
self-consistently as above, but with an additional term
Hfield = hxsˆx ⊗ σˆ0 ⊗ lˆ0 added to Eq. (1) for interac-
tions (U, V ) = (−0.2,−0.4) and (U, V ) = (−1,−0.4),
which support Bu and Ag states respectively in the ab-
sence of field. In Fig. 5, we show how the pairing sym-
metry and the equal-spin and opposite-spin gap magni-
tudes ∆0ss′ = max(|∆ss′ |) on the dominant bonds evolve
with the field strength. For the case where V dominates
[Fig. 5(a)], we find that the predominantly spin-triplet
Bu gap survives beyond several times the Pauli limit
HPauli by rotating the spin direction from |sz = 0〉 to
|sx = 1〉 to align with the field (dubbed B′′u). In con-
trast, for the case where U dominates [see Fig. 5(b)], we
find that the Ag gap is killed by the field slightly be-
low the Pauli limit as expected due to the predominant
on-site components. Surprisingly, however, the B′′u gap
emerges upon the disappearance of the Ag gap. This
B′′u gap stabilized by an intermediate in-plane field has
a similar spatial configuration as Fig. 2 (c), but with a
different spin structure |sx = 1〉.
At U = −1, the Ag paired state undergoes a first-order
transition to the B′′u state accompanied with a change of
C2x-parity from even to odd, while the field Hx explicitly
breaks the mirror symmetry57. In contrast, at U = −0.2
the Bu undergoes a crossover to B
′′
u where the spin di-
rection of the paired state rotates without any symmetry
change or discontinuity in the gap magnitude. The first
order transition becomes a crossover as the direction of
field rotates away from xˆ since both C2x and Mx sym-
metries are generally broken.
V. SUMMARY AND DISCUSSION
We point out that the newly discorvered supercon-
ductivity in gated monolayer WTe2, a superconduct-
ing quantum-spin-Hall material, can be an inversion-
protected topological crystalline superconductor35–37
with “higher-order topology” if the pairing is parity-odd.
Note that this is in contrast to the conventional wisdom
that the presence of inversion and time-reversal symme-
try is disadvantageous for superconductors being topo-
logical due to the spin-degenerate bands. We thus in-
vestigate the pairing symmetry of the gated monolayer
WTe2 at mean-field level in the absence and presence of
an in-plane magnetic field to indicate qualitatively the
short-ranged interactions that support odd-parity pair-
ings.
We find that the time-reversal-symmetric odd-parity
pairing that is energetically favored by the considered
nearest-neighbor attractions is an inversion-protected
topological crystalline superconductor characterized by
a Z4 indicator κ = 2. Although this paired state
is not a traditional two-dimensional topological super-
conductor hosting Majorana edge modes, as has been
previously sought in superconducting quantum-spin-Hall
materials58,59, it features Majorana corner states, ver-
ified by our calculation on a finite lattice. While the
normal-state model we adopt from Ref. 53 fits well to
ab initio results, Ref. 60 has pointed out that more spin-
orbit coupling terms are required to have a better fit to
the experimentally data on WTe2. We nonetheless ex-
pect our phase diagram for pairing symmetry to change
only quantitatively, and thus the existence of Majorana
corner modes.
We expect that these Majorana corner modes cannot
be removed without closing the bulk gap if we preserve
inversion symmetry. When the inversion symmetry is
broken, while the Majorana modes are no longer pro-
tected by the two-dimensional bulk topology, they are
still protected by the gaps on the one-dimensional edges.
In this case the paired state becomes the so-called “ex-
trinsic” higher-order topological superconductor61. We
thus expect these Majorana corner modes can in prin-
ciple be identified experimentally by scanning tunneling
microscopy.
We emphasize that this material in fact satisfies our
general recipe for inversion-protected topological crys-
talline superconductors featuring “higher-order” Majo-
rana boundary modes, which we find by performing
a symmetry indicator analysis and by establishing the
bulk-boundary correspondence within a minimal model
for this type of superconductor in two dimension. Al-
though material prediction for topological superconduc-
tors is in general difficult due to the presence of interac-
9tions, our recipe provides general and useful guidelines for
searching for or designing more realistic systems hosting
“higher-order” topological superconductivity protected
by inversion symmetry.
Even when on-site attractions dominate and the con-
ventional pairing is favored as expected, we surprisingly
find that an intermediate in-plane field beyond the Pauli
limit not only destroys the spin-singlet pairs, but instead
stabilizes an equal-spin triplet paired state aligning in
the field direction. This is consistent with the in-plane
critical field exceeding the Pauli limit reported by recent
experiments20,21. More importantly, although inversion
symmetry is broken by the field, we expect such equal-
spin pairing to be an extrinsic higher-order topological
superconductor with single Majorana modes (instead of
Majorana Kramer’s pairs) on opposite corners so long as
the field magnitude is smaller than the gap on the edges.
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Note added– After posting this work we became aware of
Ref. 62, which mainly discussed the formulation of sym-
metry indicators for inversion-protected TCsc in any d
dimension. Their d = 2 case agrees with our conjecture
in Eq. 8.
Supplementary Information
A. Relation between the Z4 indicator and Z2 index
for topological ‘metals’
In this subsection, we explain why Eq. (10) in the main
text holds for topological ‘metals’ that are ‘effectively
gapped’. We first review the insulator case presented in
Ref. 35. Consider an insulator with both time-reversal
and inversion symmetries. The Z2 index νN for time-
reversal topological insulators can be calculated simply
by55
(−1)νN =
∏
k∈TRIM
nk/2∏
m=1
ξk2m, (19)
where ξkm is the parity of the filled band m at a time-
reversal invariant momentum (TRIM). Here nk is the
total number of filled bands at k, and nk = n is indepen-
dent of k for insulators. Only half of the bands enter the
product since the system is two-fold degenerate. When
(−1)νN = 1 (0), the system is topological (trivial). As
shown in Ref. 35, we can also express this index directly
as
νN =
∑
k∈TRIM
n−k
2
, (20)
where n±k is the number of occupied bands with parity±1.
Due to the presence of inversion symmetry, one
can also calculate the Z4 symmetry indicator κN
for inversion-protected topological crystalline insulators
given by
κN =
1
4
∑
k∈TRIM
nk∑
m=1
ξkm =
∑
k∈TRIM
nk
4
−
∑
k∈TRIM
n−k
2
.
(21)
Here we have used the fact that
∑nk
m=1 ξkm = n
+
k −n−k =
nk − 2n−k . Now it is clear that
(−1)νN = (−1)κN (22)
if α ≡∑k∈TRIM nk4 is even.
For insulators, α = n(number of TRIMs)/4, where
n is even due to the two-fold degeneracy. Eq. 22
thus is not guaranteed for 1D insulators, but holds
for both 3D and 2D insulators, where the numbers
of TRIMs are 8 and 4, respectively. As for metals
with Fermi pockets enclosing any TRIM, nk 6= n is
different for different TRIMs in general, and thus α is
not guaranteed even. Nonetheless, for metals whose
Fermi pockets are away from TRIMs, nk = n is still
k-independent, and thus Eq. 22 still holds in 2D and 3D.
B. Edge modes in the three-domain geometry
In this subsection, we show how we obtain the Ma-
jorana edge modes ψs23(r, θ) and ψ
s′
34(r, θ) in the three-
domain geometry. Consider the domain wall between the
κ = 2 and κ = 3 phases. The Hailtonian HsΓ in Eq. 13
becomes block diagonal after taking the limit v → 0, and
it is clear from Eq. 14 that only the block with m+(r)
terms experiences a sign-changing mass term and is thus
expected to trap a zero-energy eigenstate ψ↑23(r, θ) local-
ized at r = Ra. In the following, we solve for the asymp-
totic for m of ψ↑23(r, θ). This 2× 2 block (represented by
Pauli matrix τ) with m+(r) term for the spin-up sector
is given by
h↑+ = m+(r)τˆz + ∆(−i∂r)(cos θτˆx + sin θτˆy)
= m+(r)τˆz + ∆(−i∂r)τˆxeiτˆzθ. (23)
The zero-energy eigenstate is then given by h↑+ψ
↑
23 = 0,
but we can obtain the edge state more conveniently by
solving the zero-energy mode for a rotated Hamiltonian
10
h˜↑+φ = 0, where h˜
↑
+ = τˆxUˆθh
↑
+Uˆ
†
θ , and Uˆθ = e
iτˆzθ/2 is a
unitary transformation. After some algebra, we find that
h˜↑+(r) = τˆx[m+(r)τˆz + ∆(−i∂r)τˆx]
= −im+(r)τˆy + ∆(−i∂r)τˆ0. (24)
Now h˜↑+ is θ-independent, and we can thus write its zero-
energy eigenstate as φ(r) = f(r)ξ, where the spinor ξ
obeys τˆyξ = aξ. For simplicity, we take m+(r) =sgn(r −
Ra) and ∆ > 0. Then by solving the differential equa-
tion for f(r) and requiring that f(r) localized at the
boundary r = Ra, we find that a = 1 and φ(r) =
e−1/∆|r−Ra|(1, 0, i, 0)T . Together with the fact that the
orbital part of the angular momentum has the form
Lz = −i∂θ, we can then obtain the zero-mode for h↑+(r, θ)
with angular dependence
ψ↑23(r, θ) = U
†
θφ(r) = e
− 1∆ |r−Ra|eilθ

e−i
θ
2
0
ei
θ
2
0
 . (25)
Note that the Majorana condition Ξψ↑23 = ψ
↑
23 is satisfied
up to an overall phase. ψ↓23(r, θ) and ψ
↑/↓
34 (r, θ) can be
obtained in a similar way.
C. Propagating directions of the edge modes
To determine the propagating directions of these edge
modes, we need to take back the terms containing kθ =
−i∂θ in the k ·p Hamiltonian H↑/↓Γ (k) and consider them
as perturbations. These are the terms that emerge when
we write k± = kr + ikθ. In the Hamiltonian H↑/↓Γ (r, θ)
we worked with in the main text (see Eq. 26), we did not
include these terms since we expect them to be small in
the limit of large r. Such perturbation has the form
H↑/↓θ (r, θ) =

0 0 −i∆ e∓iθr kθ 0
0 0 0 i∆ e
±iθ
r kθ
i∆ e
±iθ
r kθ 0 0 0
0 −i∆ e∓iθr kθ 0 0
 . (26)
Recall that the edge modes are given by
ψ
↑/↓
23 (r, θ) = e
− 1∆ |r−Ra|eilθ

e∓i
θ
2
0
±ie±i θ2
0
 , (27)
and
ψ
↑/↓
34 (r, θ) = e
− 1∆ |r−Rb|eilθ

0
e±i
θ
2
0
∓ie∓i θ2
 , (28)
where l is the orbital angular momentum taking half in-
tegers. We thus find the energy correction arising from
rotational motion in θ to be
〈H↑θ〉j,↑ = (ψ↑j )†H↑θψ↑j ∝ 2l
〈H↓θ〉j,↓ = (ψ↓j )†H↓θψ↓j ∝ −2l, (29)
where j = 23, 34 denotes the two domain walls. We there-
fore conclude that the spin-up and spin-down modes are
right- and left-movers respectively for both domain walls,
which amounts to one pair of helical edge modes per do-
main wall [see Fig, 3 (a)] in the main text.
D. Rotational invariant perturbations
In this subsection, we write down the general form of
rotational invariant perturbations H ′rot(k) and its projec-
tion on to the edge modes ψs23 and ψ
s′
34. The rotational
operator is given by Cθ = e
−iJzθ/2, k± → e∓iθk±, where
the angular momentum has the form Jz = τˆz⊗ sˆz⊗ σˆz/2,
and k± = kx ± iky. The perturbations that preserve
time-reversal symmetry Θ, particle-hole symmetry P, in-
version symmetry for odd-parity pairing I, and also obey
CθH
′
rot(k)C
†
θ = H
′
rot(k) have the general form of
11
H ′rot(k) =

m1 Ak− 0 0 Bk− D0 0 0
A∗k+ m2 0 0 −D∗0 Ck+ 0 0
0 0 m1 −A∗k+ 0 0 −B∗k+ D∗0
0 0 −Ak− m2 0 0 −D0 −C∗k−
B∗k+ −D0 0 0 −m1 A∗k+ 0 0
D∗0 C
∗k− 0 0 Ak− −m2 0 0
0 0 −Bk− −D∗0 0 0 −m1 −Ak−
0 0 D0 −Ck+ 0 0 −A∗k+ −m2

. (30)
Here, H ′rot(k) is written in the basis of τˆ ⊗ sˆ ⊗ ρˆ, and
m1/2, D0, A, B, and C are free parameters.
Since the edge modes with the same spin (opposite
spins) ψs23 and ψ
s
34 (ψ
s¯
34) propagate in the same direction
(opposite directions), H ′rot has to couple edge modes with
opposite spins in order to create a gap. However, it is ob-
vious from Eq. 30 that there exists no spin-flipping terms
that are allowed by the symmetries considered. The edge
modes ψs23 and ψ
s′
34 thus remain gapless in the presence
of rotational invariant perturbations.
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